Abstract. The overexpression of fibroblast growth factor receptor (FGFR) 4 has been reported in various human cancers, but it has not been studied in pancreatic ductal adenocarcinoma (PDAC) or its precursor lesion, pancreatic intraepithelial neoplasia (PanIN). Moreover, there is controversy as to whether FGFR4 has a mitogenic role in carcinogenesis or other functions. Therefore, the expression and roles of FGFR4 in pancreatic cancer were investigated. Immunohistochemical staining was performed using an anti-FGFR4 antibody in PDAC and PanIN cases. The expression levels of FGFR4 mRNA and protein were investigated in PDAC cell lines by qRT-PCR and Western blot, respectively. Changes were analyzed in cell morphology, proliferation, migration, invasion and attachment in PDAC cell lines with or without the stimulation of FGFR4 by FGF19, as a known specific ligand. The changes in mRNA levels associated with transformation and tumorigenesis as a result of FGF19 administration were also evaluated. FGFR4 was expressed in 39 of 53 PDAC cases (73.6%) and its expression tended to be related to longer overall survival (P=0.068). Moreover, it was frequently expressed in high-grade PanIN lesions [10 of 11 lesions (90.9%)], whereas it was hardly expressed in lowgrade PanIN lesions [1 of 10 lesions (10.0%)] (P=0.0003). FGFR4 stimulation of PDAC cells resulted in significantly increased cell adhesion to laminin and fibronectin (P<0.05) and decreased cell migration (P<0.05). The results of PCR array analysis indicated that this was a result of up-regulation of the integrin ·4 family. In contrast, cell morphology or proliferation in PDAC cells was not affected. We showed that FGFR4 expression is markedly increased in high-grade PanIN and PDAC compared with that in normal and lowgrade PanIN, and that FGFR4 stimulation by FGF19 of PDAC cells contributes to tumor suppression by increasing cell adhesion to extracellular matrix.
Introduction
Pancreatic cancer is the fourth leading cause of cancer death in the United States and the fifth in Japan (1, 2) . Five-year survival remains <10% despite the development of therapeutics and the excision rate is <40% in Japan (2) . The reason for the poor prognosis of pancreatic cancer is that it is often diagnosed at too late a stage to operate radically. The patients suffer poor quality of life such as bile obstruction, digestive stenosis, severe pain and endocrine disorder. Moreover, the patients who undergo resection frequently exhibit disease recurrence with metastasis and peritoneal dissemination. Most pancreatic cancer is diagnosed as pancreatic ductal adenocarcinoma (PDAC), and it is considered that PDAC shows a ductal phenotype and involves a precursor intraductal lesion, called pancreatic intraepithelial neoplasia (PanIN) (1, 2) . PanIN lesions are divided into three grades, PanIN 1, 2 and 3, which are represented as hyperplasia, moderate dysplasia, and severe dysplasia/carcinoma in situ, respectively (3) . Recently, the molecular mechanism of pancreatic cancer has become clearer. The K-ras mutation is present in up to 90% of PDAC, resulting in activation of mitogen-activated protein kinase (MAPK) cascade. Loss of heterozygosity of tumor suppressor genes, such as p16 (CDKN-2A), p53 and deleted in pancreatic carcinoma locus 4 (DPC4, also known as SMAD4), is observed at a high frequency (4) . These genetic alterations of PDAC also occur in PanIN lesions with a high frequency and are associated with the stage of PanIN grading. Molecular target therapy has been gradually developed, but the intended effects are not obtained sufficiently often (5) .
The roles of fibroblast growth factor (FGF) and its receptor (FGFR) have been reported for carcinogenesis in various organs. The FGFR family consists of FGFR 1-5 and, with the exception of FGFR5, also known as fibroblast growth factor receptor-like 1 (FGFRL1), these members have a common characteristic structure of three extracellular immunoglobulin (Ig) domains, a single-pass transmembrane domain and a cytoplasmic tyrosine kinase domain (6) . FGFR4 is one of the members of the FGFR family, and FGF1, 2, 4, 6, 8, 9, 16, 17, 18 and 19 have affinity to the receptor (6) (7) (8) . Interestingly, FGFR4 has no splicing variants in Ig domain III, unlike the other FGFRs, and FGF19 binds specifically to FGFR4 (7) . FGFR4 is overexpressed in hepatocellular carcinoma (HCC) (9) , breast cancer (10) , renal cell carcinoma (11) and malignant melanoma (12) , but its role in oncogenesis is controversial; in hepatocellular carcinoma, some researchers have indicated that the activation of FGFR4 is related to increases in cell migration and ·-fetoprotein (AFP) production as well as worse prognosis (9) , while others have stated that overexpression of FGFR4 is related to an increase in apoptosis and better prognosis (13) .
FGF19 is a member of the FGF19 subfamily (FGF19, 21 and 23) and is known as a specific ligand for FGFR4 (7) . It has anti-diabetic effects independently of known substances (14) and mediates bile acid homeostasis in the liver by inducing cholesterol 7-·-hydroxylase (CYP7A1) repression (15) . The FGF19 subfamily has some unique features. First, it behaves in endocrine fashion due to a disrupted heparin binding motif, in contrast to other FGF subfamilies (16) . Second, it has been thought to require a co-receptor, ßKlotho, for binding to FGFRs (16) ; however, in a recent study, this unique FGF was found to bind only to FGFR4 lacking ßKlotho protein in the presence of heparin (17) . In the field of oncology, it has been reported that FGF19 is expressed in colonic adenocarcinoma (18) and hepatocellular carcinoma (19) . The stimulation by FGF19 is considered to induce the ß-catenin signaling pathway and be related to cancer progression (18, 20) . However, the role of FGFR4 and FGF19 in pancreatic carcinogenesis has not been clearly determined.
In the present study, in order to determine the expression and roles of FGFR4 in PDAC, we carried out immunohistochemical analysis of FGFR4 in each phase of pancreatic carcinogenesis, including normal pancreas, low-and highgrade PanIN and PDAC cases. We report that FGFR4 is expressed in both PDAC and high-grade PanIN lesions at a high frequency. We also show novel functions of FGF19/ FGFR4 signaling, namely, increased cell adhesion and decreased cell migration as a result of up-regulation of the integrin family. 
Material and methods

Material
.0003. M, male; F, female; PDAC, pancreatic ductal adenocarcinoma; IPMN, intraductal papillary mucinous neoplasm; CBDC, common bile duct carcinoma; Vater, carcinoma of Vater's papilla; N, not including the lesion of the sample. Immunohistochemistry and immunofluorescence. Paraffinembedded sections (3 μm) of all tissues described above were subjected to immunostaining using a Histofine Simple Stain MAX PO (R) kit for rabbit polyclonal anti-human FGFR4 antibody (1:100 dilution). In addition, serial sections of PanIN tissues were subjected to H&E staining and immunostaining using a Histofine Simple Stain MAX PO (M) kit for mouse monoclonal anti-human Ki-67 antibody (1:100 dilution) and five representative cases each of FGFR4-positive and -negative PDAC cases were also immunostained for anti-human Ki-67. After deparaffinization, the sections were pretreated in an autoclave at 121˚C for 10 min in 10 mmol/l citrate buffer (pH 6.0) for anti-FGFR4 and antiKi-67. Then, the endogenous peroxidase activity was blocked by incubation for 30 min with 0.3% hydrogen peroxide in methanol. The tissue sections were incubated with the primary antibodies in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) for 16 h at 4˚C. Bound antibodies were detected with the Simple Stain MAX PO (R) reagent for anti-FGFR4 antibody and the Simple Stain MAX PO (M) reagent for anti-Ki-67 antibody, using diaminobenzidine tetrahydrochloride as the substrate. The sections were then counterstained with Mayer's hematoxylin. 
Immunohistochemical results for FGFR4 were evaluated as follows: two investigators separately evaluated all the specimens in a blinded manner. The intensity of FGFR4 immunoreactivity of tumor cytoplasm and/or membrane was classified as low or high. When staining was noted in >30% of the tumor cells with high intensity on average by two investigators, the case was designated as positive.
For immunofluorescence for anti-FGFR4, cells were cultured on glass-bottom dishes, fixed in 4% paraformaldehyde/PBS, and permeabilized in 50 mM glycine/PBS for 6 min. After blocking using 10% goat serum, incubation with primary antibodies for FGFR4 (1:50 dilution) was carried out. After that, detection was carried out by incubation with Alexa Fluor 488-conjugated anti-rabbit IgG (1:1000 dilution) for 1 h at room temperature and counterstained upon mounting with DAPI. Immunofluorescent images were obtained using a confocal laser microscope (Digital Eclipse C1 TE-2000E, Nikon Instech Co. Ltd., Tokyo, Japan) and analyzed by EZ-C1 (version 3.8, Nikon Instech Co. Ltd.). The excitation wavelength for FITC (fluorescein-4-isothiocyanate) was 488 nm, and emission was selected and recorded using a 515-530-nm band-pass filter. In addition, the excitation wavelength for DAPI was 405 nm, and emission was selected and recorded using a 435-450-nm band-pass filter.
Quantitative RT-PCR. Total RNA was extracted from PDAC cell lines using FastPure RNA kit according to the manufacturer's protocol. Total RNA sample (1 μg) was used for reverse transcription (RT) with the High Capacity cDNA reverse transcription kit following the manufacturer's protocol. Quantitative reverse transcription PCR (qRT-PCR) was performed using a Universal ProbeLibrary System and LightCycler 480 system (Roche Diagnostics). The primer used for FGFR4 corresponded to nts 67-84 (5'-CTG-GAG-CTG-GGA-GTG-AGG-3') and nts 121-139 (5'-GCT-GGA-CTT-CCC-ACC-AAC-T-3') of the human FGFR4 (73 bp, accession no. NM_002011). 18S ribosomal RNA was amplified using the following primer pairs: nts 83-103 (5'-TGC-GAG-TAC-TCA-ACA-CCA-ACA-3') and nts 150-167 (5'-GCA-TAT-CTT-CGG-CCC-ACA-3') (85 bp, accession no. NM_022551.2). PCR reaction mixture (20 μl) containing 2 μl of template cDNA, 0.5 μM of each primer, 10 μl of 2x LightCycler 480 Probes Master, and 0.2 μM hydrolysis probes as Universal ProbeLibrary no. 72 for FGFR4 or no. 70 for 18S rRNA was introduced into a capillary tube. qRT-PCR was performed in a LightCycler 480 and the PCR products were analyzed by LightCycler Data Analysis software version 3.5 (Roche Diagnostics). The optimized program involved denaturation at 95˚C for 5 min followed by 45 cycles of amplification at 95˚C for 10 sec and at 60˚C for 30 sec. To confirm amplification specificity, PCR products were subjected to a melting-curve analysis. Results are expressed as FGFR4/ 18S rRNA as an internal standard concentration ratio. Gene expression measurements were performed in triplicate.
Western blot analysis. Protein was extracted from cells in accordance with the protocol for the use of the M-Per Mammalian Protein Extraction reagent. Lysates were centrifuged for 10 min at 13,000 rpm to pellet cell debris and the resulting supernatants were collected. The concentration of protein was measured by the Bradford method. The cleared protein lysates from the cancer cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions, and the separated proteins were transferred to Immobilon P transfer membranes. The membranes were immersed in 5% skim milk in Tris-buffered saline containing 0.05% Tween-20 for 60 min at room temperature, then incubated for 16 h at 4˚C with an anti-FGFR4 antibody (1:500 dilution, the same antibody as for immunohistochemistry). The membranes were washed and incubated with the HRP-conjugated anti-rabbit IgG antibody (1:4000 dilution) for 60 min. After washing, the blots were visualized using enhanced chemiluminescence and detected with a ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Hercules, CA). To confirm the nearly equal loadings of the proteins from the cancer cells, the membranes were washed and reblotted with an anti-ß-actin antibody.
Morphological analysis under the treatment of rhFGF19. In order to elucidate the effect of FGF19 on cell morphology, we incubated MIA PaCa-2 and PANC-1 with or without rhFGF19 (100 ng/ml) in RPMI-1640 medium containing 1 μg/ml heparin. After 24 h, the cells with a subconfluent condition were photographed using a phase-contrast microscope at x100 magnification (Nikon Eclipse TE2000-U, Nikon Instech Co. Ltd.).
Cell proliferation assay under the treatment of rhFGF19.
We used WST-8 assay to examine the influence of FGF19 on cell proliferation in vitro. MIA PaCa-2 and PANC-1 were plated at a density of 5x10 3 in triplicate in 96-well plates with 0.1% FBS-containing medium, heparin (1 μg/ml) and rhFGF19 (0, 10, 50 and 100 ng/ml) were added, and samples were incubated at 37˚C in a humidified 5% CO 2 atmosphere. After 24, 48, 72 and 96 h, 10 μl of WST-8 solution was added to each well, and the cells were incubated at 37˚C. After incubation for 4 h, absorbance was measured at 450 nm. To confirm cell proliferation, we also performed Ki-67 immunostaining with or without rhFGF19 administration, and analyzed Ki-67 labeling index.
Boyden chamber assay under the treatment of rhFGF19. To investigate vertical migration ability under the treatment of rhFGF19 in pancreatic cancer cells, we used the Boyden chamber assay. Uncoated inserts (8-μm pore size, 6.5-mm diameter inserts) were used. FBS 10% (750 μl) containing RPMI-1640 medium was added to the bottom of each well and MIA PaCa-2 were seeded at 1.0x10 5 in the inserts. Before incubation, heparin and rhFGF19 were administered at 1 μg/ml and 0, 10 and 100 ng/ml. After incubation for 16 h (MIA PaCa-2) at 37˚C in a humidified 5% CO 2 atmosphere, the non-migrated cells were swept away from the upper surface of the membrane. Migrated cells were stained using a Diff-Quick stain kit following the manual of the manufacturer. After staining, the migrated cells were counted in five fields of each membrane at x200 magnification. Boyden chamber assays were performed in triplicate.
Time-lapse analysis under the treatment of rhFGF19. To investigate linear migration ability under the treatment of rhFGF19 in pancreatic cancer cells, we observed cell migration with or without rhFGF19 by time-lapse photography. MIA PaCa-2 were seeded at 1.0x10 4 per well in a 35-mm glass-bottom dish. After incubation for 48 h, these media were removed and 0.1% FBS and 1 μg/ml heparin with RPMI-1640 medium were added with or without rhFGF19 at 100 ng/ml. After the administration, these cells were measured at intervals of 5 min for 24 h using a phase contrast microscope (Digital Eclipse C-1 TE-2000E, Nikon Instech Co. Ltd.). The migration distance in each dish was measured and analyzed by MetaMorph software (Universal Image Corporation Ltd., Buckinghamshire, UK). Time-lapse analysis was performed on 20 cells for each condition.
Matrigel invasion assay under the treatment of rhFGF19.
We carried out invasion assay using BD BioCoat Matrigel Invasion Chamber to determine the effects on invasion ability of the absence or presence of rhFGF19. Before use, medium was added to inserts and wells, which were incubated for 2 h at 37˚C in a humidified 5% CO 2 atmosphere, and removed carefully. MIA PaCa-2 were plated at 1.0x10 5 in each insert and 750 μl of 10% FBS-containing RPMI-1640 medium was added to the bottom of each well. Before incubation, 1 μg/ml heparin and 0 or 100 ng/ml rhFGF19 were added. Staining and cell counting were carried out as mentioned above for the Boyden chamber assay.
Cell adhesion to extracellular matrix under the treatment of rhFGF19. Bovine type I collagen, human type IV collagen, bovine fibronectin and murine laminin solutions at a concentration of 20 μg/ml were added to the wells of 96-well microplates followed by incubation at 37˚C in a humidified 5% CO 2 atmosphere overnight. The residual culture area was blocked with 0.3% BSA in PBS at 37˚C in a humidified 5% CO 2 atmosphere for 2 h. Cell suspension (100 μl) of MIA PaCa-2 was seeded at 2x10 4 cells/well and heparin (1 μg/ml) was added with or without rhFGF19 (100 ng/ml); then, samples were incubated for 4 h at 37˚C in a humidified 5% CO 2 atmosphere. Non-adherent cells were removed by washing with serum-free medium. The relative number of attached cells was determined using a WST-8 cell counting kit. All assays were performed in triplicate.
PCR array analysis. We incubated MIA PaCa-2 with heparin (1 μg/ml) in the absence or presence of rhFGF19 (100 ng/ml). As previously described, total RNA was extracted from MIA PaCa-2 with or without rhFGF19 24 h after administration. For PCR array experiments, RT 2 Profiler PCR array was used to simultaneously examine the mRNA levels of 89 genes closely associated with cancer progression, including five house-keeping (HK) genes in 96-well plates following the manufacturer's protocol. Briefly, first-strand cDNAs were synthesized from 1 μg of total RNA using RT 2 First-strand kit, and then mixed with RT 2 real-time PCR SYBR-Green/ ROX according to the manufacturer's protocol. qRT-PCR was carried out in an ABI-7900HT Standard 96 Block (Applied Biosystems, Inc). Cycling conditions were as follows: 10 min at 95˚C and then 40 cycles of amplification (95˚C for 15 sec, 60˚C for 1 min). To confirm amplification specificity, PCR products were subjected to a melting-curve analysis. Values were obtained for the threshold cycle (Ct) for each gene and normalized using the average of five HK genes on the same array (B2M, HPRT1, RPL13A, GAPDH, and ACTB Cumulative survival rate was calculated by the KaplanMeier method, and the significance of differences in survival rate was analyzed by the log-rank test. Results of the cultured cells were assessed using Student's t-test. P<0.05 was considered significant in all analyses. Computations were performed using GraphPad Prism 5 software package (GraphPad software, La Jolla, CA).
Results
Immunohistochemical analysis of FGFR4 in PanIN tissues.
We analyzed the expression of FGFR4 in both low-grade PanIN (10 lesions) and high-grade PanIN (11 lesions) immunohistochemically. Representative cases of PanIN are shown in Fig. 1. FGFR4 was not detected in low-grade PanIN lesions (Fig. 1B) , in which the proportion of Ki-67-positive cells was extremely low (Fig. 1C) . In contrast, FGFR4 was highly expressed in high-grade PanIN lesions (Fig. 1E) , in which the proportion of Ki-67-positive cells was high (Fig. 1F ). There was a significant difference in FGFR4 expression between low-grade and high-grade PanIN lesions (P=0.0003). FGFR4 was expressed in only 10.0% of low-grade PanIN, while its expression was detected in 90.9% of high-grade PanIN lesions (Table I ). The immunostaining of FGFR4 could clarify the transition from low-grade to high-grade PanIN (Fig. 1G and H) from the difference in the distribution of Ki-67-positive cells (Fig. 1I) .
Immunohistochemical analysis of FGFR4 in PDAC tissues and clinicopathological analysis.
Immunohistochemical analysis of the PDAC samples was performed next to determine whether there was a correlation between FGFR4 expression in the cancer cells and clinicopathological features. FGFR4 was localized in the cytoplasm and cell membrane of the cancer cells in 39 of the 53 cases (73.6%) ( Fig. 2A and B) . Clinicopathological factors were not correlated with the expression of FGFR4 (Table II) . We also analyzed the relation between FGFR4 expression and proliferation; however, Ki-67 labeling index did not differ between FGFR4-positive and -negative PDAC cases (data not shown). In normal pancreatic tissue, FGFR4 was only expressed in islet cells (Fig. 2C) , but was not detected in normal duct (Fig.  2D) , whereas mesenchymal cells were negative for FGFR4. 
Cumulative Kaplan-Meier survival curve of PDAC patients.
The overall 2-year survival rate of all 53 cases of PDAC was 15.1%. The overall survival of the FGFR4-positive group tended to be longer than that of the FGFR4-negative group, but the difference was not significant (P=0.068) (Fig. 3) .
FGFR4 expression in pancreatic cancer cell lines. qRT-PCR
analysis was performed to determine the expression level of FGFR4 mRNA in 6 PDAC cell lines: PANC-1, MIA PaCa-2, KLM-1, Capan-1, PK-1 and PK-8. All 6 cell lines expressed FGFR4, at variable levels (Fig. 4A) . The FGFR4 mRNA level was the highest in Capan-1 cells and the lowest in PK-8 cells.
Western blot analysis was carried out to assess the expression of FGFR4 protein in the same 6 PDAC cell lines as for qRT-PCR analysis. A 95-kD band corresponding to FGFR4 and a 42-kD band corresponding to ß-actin were detected in all cell lines (Fig. 4B upper and lower panels, respectively) .
To examine the intracellular localization of FGFR4 protein in PDAC cells, immunofluorescent analysis using confocal laser microscopy was performed in PANC-1 and MIA PaCa-2. FGFR4 protein was expressed in the cytoplasm and the cell membrane in both cell lines (Fig. 4C and D) .
Effects on cell proliferation and cell morphology of rhFGF19 stimulation. To clarify the role of FGFR4 in PDAC, the administration of rhFGF19 was examined and found not to influence the cell morphology in MIA PaCa-2 and PANC-1 (data not shown). We investigated PDAC cell lines, MIA PaCa-2 and PANC-1, by the administration of FGFR4-specific ligand, FGF19, for cell proliferation. Exogenous rhFGF19 administration did not affect the cell proliferation in either cell independently of the concentration of rhFGF19 (Fig. 5A  and B) . Ki-67 labeling index also did not differ, regardless of whether rhFGF19 was administered to MIA PaCa-2 cells (data not shown).
Effects on cell migration, invasion and attachment of rhFGF19 stimulation. We next investigated the effects on cell migration, invasion and attachment of rhFGF19 administration by using MIA PaCa-2. With regard to vertical migration by Boyden chamber assay, MIA PaCa-2 showed a significant decrease in migrated cell counts in the presence of rhFGF19 compared with that in the absence of rhFGF19 (Fig. 6A) . Time-lapse analysis revealed that the rhFGF19 also tended to reduce the horizontal migration in MIA PaCa-2 but this effect was not significant (Fig. 6B) .
In addition, we assessed cell invasiveness with or without rhFGF19 administration using Matrigel Invasion Chamber, which resembles the basement membrane matrix. Although there was no statistical difference between the two conditions, similar to the result of the Boyden chamber assay, FGF19 tended to reduce cell invasion in MIA PaCa-2 (Fig. 6C) .
We further examined the effects on cell attachment to ECM components: type I and IV collagen, laminin and fibronectin. The results showed that the numbers of cells that adhered to laminin and fibronectin were significantly increased in MIA PaCa-2 in the presence of rhFGF19 compared with those in the absence of rhFGF19, but cell adhesion to collagen did not differ by administration of rhFGF19 (Fig. 6D) .
Comprehensive cellular pathway analysis of FGF19/FGFR4.
To elucidate the mechanism of FGF19/FGFR4 signaling with regard to cell adhesion, we evaluated mRNA levels of selected molecules related to tumor progression. The molecules for which the mRNA level in rhFGF19-treated MIA PaCa-2 cells was 2.0-fold or greater than that of non-treated cells are summarized in Table III . Focusing on cell adhesion, the expression of integrin ·4 was markedly increased 6.72-fold in rhFGF19-treated cells compared with that in non-treated cells.
Discussion
Various FGF and FGFR are expressed in PDAC tissues, and several reports suggest that the FGF/FGFR family participates in the progression and carcinogenesis of pancreatic cancer (22) . It was previously found in our laboratory that the overexpression of both FGF7 and FGFR2IIIb in pancreatic cancer correlated with venous invasion, vascular endothelial growth factor (VEGF)-A, matrix metalloproteinase (MMP)-9 expression, and poor prognosis (23) . FGFR1, 3, or 4 is also expressed in PDAC cell lines with high frequency (over 70%) (24) . FGFR4 is expressed in various fetal organs, including skeletal muscles, liver, lung, pancreas, adrenal cortex, kidney and brain (25) , but the fgfr4 gene knockout mouse does not show abnormalities, unlike those of other FGFR families (26) . Hughes examined the distribution of FGFR1-4 in human tissue by immunohistochemistry, and he revealed that FGFR4 is expressed in various tissues of adults, such as hepatocyte, bile duct epithelium, islet cell of Langerhans, luminal epithelium of stomach, and media of arteriole and vein (27) . Recent studies have revealed that a germline single nucleotide polymorphism (SNP) in FGFR4 at codon 388, from G to A, results in a change in the amino acid sequence from glycine to arginine (Arg388 allele), and that this polymorphism is correlated with a poor prognosis for various tumors, such as colon (28) , prostate (29) , breast (28), head and neck (30) , and lung cancer (31) . However, the role of FGFR4 itself in carcinogenesis is controversial, but, as mentioned above, the incidence of FGFR4 expression and its role in human cancer are not yet elucidated well. In the present study, the expression of FGFR4 was barely observed in low-grade PanIN lesions but was frequently detected in cell membrane and cytoplasm of high-grade PanIN lesions, including carcinoma in situ. FGFR4 immunoreactivity was observed in cell membrane and cytoplasm of cancer cells in 39 of 53 PDAC tissues (73.6%), whereas it was limited not in ductal cells but in islet cells in normal pancreatic tissue. Here, we assumed that FGFR4 expression might occur at a relatively early phase of the carcinogenesis of PDAC; that is, the transition from low-grade PanIN to high-grade PanIN. It was reported that FGFR4 overexpression was mediated by an intronic enhancer activated by a transcription factor, such as hepatic nuclear factor 1 (HNF-1) (32), but it remains unclear whether the same activation occurs in PanIN lesions. The trend in the FGFR4-positive group of PDAC was for longer overall survival than that in the FGFR4-negative group, although clinicopathological factors were not correlated with the expression of FGFR4. FGFR4 expression in PDAC culture cell lines in vitro was also verified by qRT-PCR, Western blot, and immunofluorescent analyses. These results indicated that FGFR4 expression in PDAC occurred until carcinoma development in situ. -
FGF19 binds to FGFR4 with a high affinity and can activate downstream signaling in the absence of interaction with ßKlotho protein, which is assumed to be because the N-terminal region of FGF19 is responsible for the association of FGFR4 with the existence of heparin, whereas the C-terminal region is for ßKlotho (17, 33) . Preliminary qRT-PCR analyses of PDAC cell lines and immunohistochemistry of PDAC tissues for FGF19 were carried out and it was confirmed that FGF19 was hardly expressed in either PDAC cell lines or tissues. In this study, we next determined the role of FGFR4 in PDAC cell lines by the stimulation of exogenous rhFGF19 administration. Unlike the findings for other FGFR stimulations previously reported (34) , the stimulation of FGFR4 by rhFGF19 administration did not affect cell morphology or proliferation in either of the two PDAC cell lines. In contrast, rhFGF19 administration with heparin significantly suppressed vertical migration and also tended to suppress invasion in PDAC cells compared with those to which only heparin was administered. In addition, FGFR4 stimulation was associated with cancer cell adhesion to several ECM components, such as fibronectin and laminin. Compared with non-treated cells, the expression level of integrin ·4 was markedly increased in rhFGF19-treated cells. It was indicated that integrin ·4 can bind to fibronectin, vascular endothelial cell adhesion molecule-1 (VCAM-1), and mucosa addressing cell adhesion molecule (MadCAM) (35) and that knockdown of the integrin family of MIA PaCa-2 resulted in increased motility and decreased adhesion to ECMs (36) . One feature of PDAC, extensive desmoplasia, was severe, because not only fibroblast and pancreatic satellite cells but also cancer cells produced ECM proteins, such as fibronectin and collagen (37) . Although the mechanism by which the stimulation of FGFR4 increased integrin ·4 expression was not clarified, these results indicate that the stimulation of FGFR4 by rhFGF19 administration could inhibit cell migration and invasion by increased cell adhesion to some type of cancer-associated stromal ECM owing to upregulation of the integrin family.
It was indicated that the cellular pathway of FGFR4 differed from those of other FGFRs and that it did not induce mitogenic responses in vitro. In rat myoblast cells transfected with FGFR1, FGFR2, or FGFR4, FGFR4-expressing cells did not induce morphological change and anchor-independent cell growth, unlike other FGFR-expressing cells (38) . In HCC cell lines expressing FGFR1 or FGFR4, both FGFR1 and FGFR4 stimulation by FGF1 induced activation of Erk, but FGFR4-expressing cells failed to sustain this activation within 30 min, whereas FGFR1-expressing cells sustained this activation for >1 h (13) . In addition, FGFR4-expressing HCC cells induced a 1.9-fold increase in apoptosis by FGF1 administration compared with that of cells without FGF1 administration, in contrast to FGFR1-expressing HCC cells that induced a 30% decrease (13) . These findings support the result of this study that FGFR4 stimulation does not affect cell morphology and growth. These differences between FGFR4 and other FGFRs might be due to the differences of FGFR4 transmembrane and intercellular domains from those of other FGFRs, as described in a previous investigation using chimeric receptors (39) , but further studies concerning signal transduction are necessary.
In summary, this is the first report to indicate that FGFR4 expression is markedly increased in high-grade PanIN and PDAC compared with that in normal and low-grade PanIN. This change of FGFR4 expression probably occurs in a high frequency during the transition from low-grade PanIN to more aggressive disease. Furthermore, we are the first to report that FGFR4 might play a suppressive role, such as inhibition of cell migration and invasion, rather than a progressive role, such as mitogenic response, in PDAC cells in vitro. FGFR4 expression is a promising marker of neoplastic features in pancreatic ductal tissue and exogenous rhFGF19 administration may be an effective tool for the control of aggressiveness of PDAC.
